Bacterial 6S RNAs competitively inhibit binding of RNA polymerase (RNAP) holoenzymes to DNA promoters, thereby globally regulating transcription. RNAP uses 6S RNA itself as a template to synthesize short transcripts, termed pRNAs (product RNAs). Longer pRNAs (approx. ! 10 nt) rearrange the 6S RNA structure and thereby disrupt the 6S RNA:RNAP complex, which enables the enzyme to resume transcription at DNA promoters. We studied 6S RNA of the hyperthermophilic bacterium Aquifex aeolicus, representing the thermodynamically most stable 6S RNA known so far. Applying structure probing and NMR, we show that the RNA adopts the canonical rod-shaped 6S RNA architecture with little structure formation in the central bulge (CB) even at moderate temperatures ( 37 C). 6S RNA:pRNA complex formation triggers an internal structure rearrangement of 6S RNA, i.e. formation of a so-called central bulge collapse (CBC) helix. The persistence of several characteristic NMR imino proton resonances upon pRNA annealing demonstrates that defined helical segments on both sides of the CB are retained in the pRNA-bound state, thus representing a basic framework of the RNA's architecture. RNA-seq analyses revealed pRNA synthesis from 6S RNA in A. aeolicus, identifying 9 to~17-mers as the major length species. A. aeolicus 6S RNA can also serve as a template for in vitro pRNA synthesis by RNAP from the mesophile Bacillus subtilis. Binding of a synthetic pRNA to A. aeolicus 6S RNA blocks formation of 6S RNA:RNAP complexes. Our findings indicate that A. aeolicus 6S RNA function in its hyperthermophilic host is mechanistically identical to that of other bacterial 6S RNAs. The use of artificial pRNA variants, designed to disrupt helix P2 from the 3 0 -CB instead of the 5 0 -CB but preventing formation of the CBC helix, indicated that the mechanism of pRNA-induced RNAP release has been evolutionarily optimized for transcriptional pRNA initiation in the 5 0 -CB.
Introduction
Bacterial 6S RNA is a small non-coding RNA that globally controls transcription by binding to housekeeping RNA polymerase (RNAP) holoenzymes [19] in competition with DNA promoters [6] . First described in Escherichia coli, 6S RNA has since then been predicted in all branches of the bacterial kingdom using structurebased annotation tools [1, 21] . Bacterial 6S RNAs adopt a rod-shaped secondary structure with a central internal loop region (termed central bulge (CB)) mimicking a DNA promoter in its open conformation [1] . The transcriptional block mediated by 6S RNA is reversed in a process where RNAP synthesizes short de novo transcripts (~10e20 nt), termed product RNAs (pRNAs), using 6S RNA as the template in an RNA-dependent RNA polymerization reaction. With progressing pRNA synthesis, an internal 6S RNA helix adjacent to the central bulge (helix P2, Fig. 1 ) is disrupted. Provided that pRNA transcripts are extended to a length that allows formation of a sufficiently stable duplex structure with 6S RNA, a novel intramolecular base pairing interaction forms in 6S RNA, experimentally validated for E. coli 6S RNA and Bacillus subtilis 6S-1 RNA [3, 12, 17] . The pRNA-induced structural rearrangement then leads to the dissociation of 6S RNA:RNAP complexes [3, 16, 20] .
In an experimental RNomics approach, a 6S RNA homolog was also identified in the hyperthermophilic bacterium Aquifex aeolicus [22] . A. aeolicus 6S RNA, about 160 nt in length (Fig. 1A) , belongs to the shortest known 6S RNAs, which usually have sizes of about 200 nt. This correlates with the minimized genome size (1.6 Mbp) of A. aeolicus [7] . The secondary structure of A. aeolicus 6S RNA (Fig. 1A ) is particularly stable: its rod-shaped minimal free energy (MFE) structure is calculated to have a free enthalpy DG of À96 kcal/ mol (E. coli 6S RNA [184 nt] DG ¼ À80 kcal/mol; B. subtilis 6S-1 RNA [190 nt] DG ¼ À63 kcal/mol) [16] .
Up to now two different modes of the pRNA-induced rearrangement have been identified: (i) in E. coli 6S RNA, an extended hairpin is formed in the 3 0 -part of the central bulge (3 0 -CB) by base pairing of 3 0 -CB residues with the 3 0 -strand of the disrupted helix P2 [12, 17] ; in the case of B. subtilis 6S-1 RNA, formation of a socalled central bulge collapse helix (CBC helix) occurs by base pairing of residues in the 5 0 -CB with the 3 0 -strand of the disrupted helix P2 [3] . A. aeolicus 6S RNA was proposed to involve both modes of pRNA-induced reshaping, hairpin formation in the 3 0 -CB and formation of a CBC helix [3, 16] .
In this work, we addressed the question whether the 6S RNA from the hyperthermophile A. aeolicus functions as a genuine 6S RNA. Up to now, only 6S RNAs from mesophilic bacteria have been studied. We employed deep sequencing (RNA-seq) to identify pRNAs synthesized by A. aeolicus RNAP in vivo. In addition, the secondary structure of A. aeolicus 6S RNA in its ground state and in complex with pRNA was investigated by structure probing (Pb 2þ -induced hydrolysis, RNase T1 and V1 cleavage) and NMR spectroscopy. In vitro, we mechanistically studied A. aeolicus 6S RNA as a substrate for the B. subtilis s A -RNAP holoenzyme. Finally, we tested if artificial pRNAs that disrupt helix P2 from the 3 0 -side of the CB are also capable of inducing a structural change that leads to the release of 6S RNA from RNAP, while preventing formation of the CBC helix.
Results and discussion
2.1. Identification of pRNAs deriving from A. aeolicus 6S RNA in vivo using dRNA-seq
We applied RNA-seq to address the basic question whether A. aeolicus RNAP indeed utilizes 6S RNA in vivo to synthesize pRNAs e a hallmark feature of bacterial 6S RNAs. For this purpose, total RNA extracted from A. aeolicus cells grown at 85 C to late exponential phase was analyzed for pRNA reads by 454 and Illumina sequencing (for details, see Materials and methods). In the 454 experiment, the same RNA preparation was split into two halves, one of which was additionally treated with Terminator™ 5 0 - Fig. 1 . Centroid structures (secondary structures with minimal distance to all secondary structures of the near-isoenergetic ensemble in terms of base pairing) predicted by RNAfold of (A) A. aeolicus wild type (wt) 6S RNA [22] and (B, C) shortened variants (132 nt and 85 nt in length) analyzed in this study. The 5 0 -central bulge (5 0 -CB) and the 3 0 -central bulge (3 0 -CB) regions are marked in blue. The helices P2 00 and P2 0 (purple) are disrupted during pRNA transcription. The pRNA initiation site is marked by the red arrow in panel A.
Phosphate-Dependent Exonuclease (TEX) to enrich for primary transcripts. RNA preparations for Illumina sequencing were TEXtreated as well. As expected, pRNA reads were enriched after TEX treatment ( Fig. 2A) , consistent with their status as primary transcripts. In the 454 as well as in the Illumina experiment, all putative pRNA reads had the same 5 0 -terminus ( Fig. 2A) , supporting the notion that they were derived from genuine pRNAs rather than representing RNA fragments originating from other locations in the genome. The transcription start site (TSS) could be assigned to nucleotide C48 located in the 5 0 -CB of A. aeolicus 6S RNA (Fig. 1A) , thus being at a similar location as in the well-studied E. coli and B. subtilis 6S RNA systems [16] . The cDNA read data suggest a pRNA length spectrum of up to~40 nt (Fig. S1) , thus almost as long as runoff transcripts (48 nt according to Fig. 1A ). The majority of reads represented pRNA 9 to~17-mers (Fig. 2B ). This does not exclude the possibility that pRNAs <8 nt are also synthesized in vivo, but those were not considered because their assignment was ambiguous (Fig. S1 ). The pRNA length spectrum in A. aeolicus is very similar to that observed for E. coli 6S RNA in vitro [12] and B. subtilis 6S-1 RNA in vitro and in vivo [2, 3] . Gel shift experiments show that pRNAs ! 10 nt stably bind to the 132-nt 6S RNA (Fig. 1B) and persistently rearrange its structure (Fig. S2) , which is consistent with the pRNA length spectrum observed in vivo (Fig. 2) . It is thus reasonable to assume that even at growth temperatures of 85 C, pRNAs within this length range have sufficiently long dwell times (or sufficiently low k off values) to induce the structural rearrangement of A. aeolicus 6S RNA. In conclusion, our RNA-seq results suggest that the regulatory mechanism of 6S RNA-dependent pRNA transcription also takes place in a bacterium that thrives at temperatures around 85 C.
Secondary structure analysis via enzymatic and chemical probing
To address the question if pRNA binding to A. aeolicus 6S RNA leads to a structural rearrangement as described for E. coli 6S and B. subtilis 6S-1 RNA [16] , enzymatic and chemical probing experiments were performed with two shortened variants of the A. aeolicus 6S RNA designed to render the RNA also amenable to structural analyses such as NMR measurements: a 132-nt variant, Fig. 2 . Deep sequencing analysis of 6S RNA-derived pRNAs in A. aeolicus cells. (A) Read profiles of the A. aeolicus 6S RNA gene locus visualized using the Integrated Genome Browser software [11] ; 454 data are shown in green (with TEX treatment) and orange (without TEX treatment), Illumina data in blue. The large number of pRNA reads starting at position 1,219,770 on the negative strand (bottom) was obtained by enriching the libraries for primary transcripts (for details, see Materials and methods). The number of reads obtained by Illumina sequencing was 5e10-fold higher than those obtained by 454 sequencing. (B) Comparison of the length distribution of A. aeolicus 6S RNA-derived pRNAs from both sequencing approaches. Differences in the distribution of 9e17 nt long pRNAs are more distinct in the Illumina data set. While a few reads were up to 40 nt long (almost corresponding to runoff transcripts), those with a length of !18 nt were combined in a single column for clarity. slightly shortened at the terminal stem, and a 85-nt 6S RNA variant with more extensive truncations of the helical stems on both sides of the CB (Fig. 1B, C) . Both RNAs are predicted by RNAfold [10] to fold as the native 163-nt RNA does in the corresponding regions (Fig. 1) . We originally intended to also include the native 163-nt RNA in the probing experiments, but had difficulties to transcribe this RNA in vitro. We consider the 132-nt 6S RNA (lacking roughly 15 nt from the 5 0 -as well as from the 3 0 -end) to be a valid functional replacement of the 163-nt RNA, as inferred from the finding that a truncation of 20 nt from the 5 0 -as well as 3 0 -end of E. coli 6S RNA was essentially neutral to the RNA's function in vitro [14] . Likewise, even more extensively truncated variants of B. subtilis 6S-1 RNA still function as pRNA transcription templates in vitro (unpublished results). Finally, contact regions between E. coli s 70 and 6S RNA inferred from affinity cleavage experiments were used to model 6S RNA into crystal structures of bacterial RNAP holoenzymes [18] . According to this model, the terminal part of helix P1 corresponding to the truncation of the A. aeolicus 132-nt 6S RNA is likely located outside the contact area with RNAP [18] . As a mimic of a pRNA transcript, we used a synthetic isosequential RNA 15-mer providing sufficient duplex stability to form gel-resolvable complexes.
For the 85-nt variant, representative gel images are illustrated in Fig. 3A and B. Cleavage sites are summarized within the secondary structures shown in Fig. 3C . At room temperature (~24 C), structure probing of the free 85-nt variant revealed pronounced accessibility to Pb 2þ -induced hydrolysis at positions 9e12,~19e26, to a minor extent at nt 27, at 30e34 (Fig. 3A , lane 2), as well as at positions 55e61, 64e68 and, to a minor extent, at nt 76 and 79e81 ( data. RNase V1 cleavage of the 3 0 -32 P-labeled 85-nt variant (Fig. 3B , lane 8) suggested helical structures in the region of approx. nt 36e40, 48e51, 55e58, 69e75 and 79/80, in accordance with the centroid structure except for the stretch of nt 55e58 (Fig. 3C ). In conclusion, hydrolysis patterns for the 85-nt variant are consistent with the MFE structure being in equilibrium with an open central bulge (centroid) structure (Fig. 3C ) at room temperature. We infer that the open central bulge structure will dominate at higher temperatures closer to the natural growth temperature of A. aeolicus (85 C).
Probing of the 85-nt 6S RNA variant after annealing of the pRNA 15-mer revealed the following changes in the hydrolysis pattern: the entire region from nt 8 to 29 as well as nt 76 became protected from Pb 2þ cleavage, whereas nt 31e33, the region comprising nt 64e69, and nt 78-81 became more exposed to Pb 2þ -induced hydrolysis (Fig. 3A , B, lane 3 vs. 2). Key changes in the RNase T1 cleavage pattern include the protection of G25 to G29 (Fig. 3A , lane 7 vs. 6) and increased accessibilities of G63, G68 and G78 (Fig. 3B , lane 6 vs. 5). Annealing of the pRNA 15-mer reduced RNase V1 cleavage in the regions of nt 54e58 and 69e72, whereas cleavage at nt 25 was enhanced (Fig. 3B , lane 9 vs. 8). These pRNA-induced changes in the hydrolysis patterns are consistent with the structural rearrangement shown in Fig. 3C (bottom). A hallmark feature of the rearranged structure is the formation of the CBC helix (nt 24e29/72e77) between the 5 0 -and 3 0 -CB. RNAfold analysis ( Fig. S4B ) also predicted C23 and G78 to base-pair as part of the CBC helix. As we saw some accessibility of nt 78 to Pb 2þ and RNase T1
hydrolysis (e.g. RNase V1 hydrolysis at nt 26e29 was weaker in the pRNA:6S RNA hybrid structure, reflecting the altered helical context of this sequence stretch in the ground state versus the pRNA hybrid structure. Pb 2þ probing of the 132-nt variant was additionally performed at 37 C, 55 C and 75 C to obtain information regarding the temperature-dependent structural dynamics of the central bulge region of this thermostable 6S RNA (Fig. 5) . At probing temperatures of 37 C and 55 C, the Pb 2þ cleavage pattern did not change significantly relative to room temperature. Little overall cleavage was observed at 75 C. The cleavage patterns obtained at 37 C and 55 C confirmed the rearranged structure depicted in Fig. 4C (Fig. 4C ). These findings argue against formation of this hairpin in the 3 0 -CB region of the reshaped structure, in contrast to the RNAfold predictions ( Fig. S3B and S4B ) and previous suggestions [3] . We conclude that the pRNA-induced structural rearrangement of A. aeolicus 6S RNA involves formation of the CBC helix, in keeping with RNAfold calculations predicting the CBC helix at all temperatures of up to 95 C (Figs. S3B and S4B).
Secondary structure analysis via NMR
We further performed NMR measurements to analyze the structure of 6S RNA and 6S RNA:pRNA complexes by an independent approach and in more detail, including the potential to gain information about possible tertiary interactions. In the 1 Fig. 6B, top) . The absence of additional stable U imino resonances both in the region typical for A:U WatsoneCrick as well as for U:G base pairs suggests that basepairing in the CB is not stable and therefore escapes detection by NMR spectroscopy. The same pertains to the predicted base pairs G13:U120, G14:U119 and U16:A117. The region between base pairs G24:C111 to U29:A106, which is predicted to be base-paired in the free 6S RNA (Fig. 6B ) while its 5 0 -strand is hybridized to the pRNA in the rearranged state, likely provides the identity of at least 5 of the 6 unassigned G imino resonances in the free structure.
To detect pRNA-induced changes in 6S RNA structure with maximum resolution and specificity, 15 N isotope-labeled 6S RNA (132 nt) was hybridized to an all-LNA analog of the pRNA 15-mer to maximize duplex stability (Fig. 6A, top) . In addition, a 1 H, 1 H NOESY spectrum was obtained for unlabeled 132-nt 6S RNA:pRNA complexes (Fig. 6A, bottom) . Comparison with the spectrum of the free 132-nt 6S RNA revealed that structural changes upon pRNA hybridization are confined to the central bulge region and nucleotides in its immediate vicinity. Accordingly, the U18:G115 base pair vanishes in agreement with local unwinding of helices P2 0 and P2 00 upon pRNA hybridization (Fig. 6) . The assigned stem region between G5 and G10 is still present in the 6S RNA:pRNA duplex, demonstrating that the terminal 6S RNA stem (P1) is not unwound upon annealing of a pRNA 15-mer. In line with the probing data (Figs. 3 and 4) , formation of a hairpin within the 3 0 -central bulge N HSQC spectrum, signifying that they stem from unlabeled imino groups of the pRNA. (B) Inferred stable base-pairing interactions in the 85-nt 6S RNA variant hybridized to the pRNA 15-mer (in small letters). Structural elements that can be identified in the NMR spectra are highlighted in different colors according to their assignment in the spectra in panel A. G7 was identified due to its chemical shifts and NOE connectivities in the free RNA (data not shown).
be sufficiently protected from solvent exchange to remain detectable by NMR. The complete absence of corresponding imino resonances suggests that the hairpin is very volatile or not formed at all, which is consistent with its low predicted stability (À2.8 kcal/mol for the MFE structure predicted by RNAfold using the default parameters).
Compared to free 6S RNA, about five unassigned G imino resonances of Watson-Crick base pairs disappear or decrease in intensity in the 6S RNA:pRNA duplex structure. One explanation for the disappearance of three of these signals is that they belong to G residues in the region between A106 and G114, which are predicted to be base-paired to residues C19, C27 and C28 in free 6S RNA (Fig. 6B) . In 6S RNA:pRNA/pLNA 15-mer complexes, residues 17 to 31 of 6S RNA pair with pRNA/pLNA, which concomitantly displaces the stretch of nt A106 to A117, of which nt 109 to 114 become engaged in forming the CBC helix, as inferred from the probing experiments (see Fig. 4C ). As the CBC helix was not directly observed by NMR, we conclude that it is relatively unstable, at least under NMR measurement conditions. In summary, our NMR analyses have identified stem regions on both sides of the central bulge that are particularly stable (Fig. 6B, colored nt) , thus providing a structural framework for the rod-shaped A. aeolicus 6S RNA architecture at elevated temperatures. Simultaneously, formation of the CBC helix appears as a more dynamic or fine-tuning mechanistic element in the pRNA-induced rearrangement that leads to dissociation of 6S RNA:RNAP complexes. Nevertheless, formation of the CBC helix may well influence the pRNA length pattern and the kinetics and directionality of the structural rearrangement.
The structural changes induced by pRNA binding were also investigated using the smaller 85-nt 6S RNA to obtain improved spectral resolution. Even in this truncated 6S RNA variant, the relatively short terminal helix persists in the 6S RNA:pRNA hybrid, as inferred from the presence of G7, U8 and G78 imino resonances (Fig. 7A) . This may indicate stabilization of the terminal helix through stacking interactions with the pRNA:6S RNA helix. The large extent of signal overlap in helix P3 (G47 to U51) flanking the central bulge in free 6S RNA and 6S RNA:pRNA duplexes supports the notion that this arm of the 6S RNA is not affected by the pRNAinduced rearrangement (Fig. S5) . The resonances of G35 and G36 at the junction between helix P3 and the central bulge become apparent only after hybridization with the pRNA (Fig. S5) , suggesting a stabilizing effect of the pRNA:6S RNA helix possibly through stacking interactions with P3. However, no further NOE cross peaks to any coaxially stacking residues could be observed in the NOESY spectrum, possibly due to signal overlap in the G:C region.
In vitro transcription of pRNAs from A. aeolicus 6S RNA
After we had proven by RNA-seq analysis that pRNA transcription takes place in A. aeolicus cells, we wanted to investigate whether our 85-nt and 132-nt 6S RNA variants serve as templates for in vitro transcription. Since the homologous A. aeolicus RNAP has not been available we fell back on the well examined RNA polymerase of B. subtilis. This decision was also favored by the observation that pRNAs synthesized from A. aeolicus 6S RNA and B. subtilis 6S-1 RNA are both initiated with G residues ( Fig. 2; [2] ). RNA), predominantly 15 to 17-meric pRNAs but also shorter ones (<8 nt) were observed (Fig. 8A, lanes 2e4) . This experiment demonstrated that the mesophilic B. subtilis s A -RNAP is able to utilize A. aeolicus 6S RNA (the most stable 6S RNA known) as a template for pRNA transcription at 37 C, suggesting that 6S RNAtemplated pRNA transcription is mechanistically very similar at least in a subset of mesophilic and hyperthermophilic bacteria. We next examined if these pRNAs synthesized by a heterologous mesophilic RNAP are identical to those synthesized by A. aeolicus RNAP in vivo (Fig. 2) . This was addressed by RNA-seq using RNA prepared from non-radioactive in vitro transcriptions of the type shown in Fig. 8A. 2.5. RNA-seq analysis after in vitro pRNA transcription B. subtilis s A -RNAP generated two types of pRNA transcripts with different starting regions when acting on A. aeolicus 6S RNA (132 nt) as template. First, reads for pRNA transcripts complementary to nt 15e34 of 6S RNA were identified in the RNA-seq data. These reads represent pRNAs initiated at the canonical start site (C31), thus corresponding to those synthesized in vivo in A. aeolicus (Fig. 2) . C31 was predominantly used by B. subtilis s
A -RNAP in vitro,
as most reads had their 5 0 -terminus at this position. The other reads mapped to pRNAs initiated at C33 (Fig. 8B, C) , thus also encoding pRNAs with a 5 0 -terminal G residue. GTP is most efficiently incorporated by B. subtilis s A -RNAP as the starting nucleotide [2, 5] .
The finding of varying pRNA initiation sites indicates that the enzyme acts somewhat less specifically on the heterologous 6S RNA. On the other hand, the length distribution of pRNA reads was quite similar to that observed for the in vivo RNA-seq data (Fig. 2) , indicating that 6S RNA binding to RNAP and pRNA transcription are very similar in the mesophile B. subtilis and the hyperthermophile A. aeolicus. A second smaller peak (9-fold less reads) of pRNA reads could be assigned to the opposite 3 0 -CB region (Fig. 8C) . These alternative pRNAs were predominantly initiated at C93, but also at C91, again yielding pRNAs with a favorable 5 0 -terminal G residue. This second type of pRNA transcripts indicates that A. aeolicus 6S RNA was bound by the B. subtilis RNAP in two orientations, resulting in pRNA transcripts initiated at opposite sites in the central bulge. This phenomenon has also been observed to occur in vivo in various bacteria, such as Helicobacter pylori [13] , E. coli, B. subtilis or Listeria monocytogenes [21] .
Analysis of 6S RNA:RNAP complexation
In view of the finding that B. subtilis s A -RNAP is able to utilize A. aeolicus 6S RNA as a template for pRNA transcription (Fig. 8) , we further analyzed the formation of A. aeolicus 6S RNA:B. subtilis RNAP complexes and their disruption upon pRNA annealing. B. subtilis 6S-1 RNA representing the homologous system was used as control. s A -RNAP indeed formed gel-resolvable complexes with both 6S RNAs (Fig. 9A, lane 5, and Fig. 9B, lane 14) . Preannealing of the specific pRNA 15-mer to A. aeolicus 6S RNA and an equivalent pRNA 14-mer to B. subtilis 6S-1 RNA decreased specific complex formation (Fig. 9A, lane 6, and Fig. 9B, lane 15) . We next addressed the question whether disruption of the helical structure adjacent to the central bulge (magenta nucleotides in Fig. 9C and D) by a pRNA invading the structure from the 3 0 -CB side may also shift the 6S RNA structure and thus impair complex formation with RNAP. Since in this case formation of the CBC helix (Fig. 4C) is prevented, the experiment was supposed to shed light on the role of the CBC helix in the 6S RNA rearrangement and RNAP release process. The 3 0 -CB pRNAs were designed to form duplexes with roughly equal thermodynamic stability as the respective duplexes formed with the canonical 5 0 -CB pRNAs (Fig. 9C and D) . The A. aeolicus 6S RNAspecific 3 0 -CB pRNA changed gel mobility to the same extent and quantitatively as the canonical 5 0 -CB pRNA (Fig. 9A, lanes 2 and 3) , whereas the 3 0 -CB pRNA designed for B. subtilis 6S-1 RNA bound inefficiently under the tested conditions and the complex with 6S-1 RNA migrated differently from the one annealed to the 5 0 -CB pRNA (Fig. 9B, lanes 11 and 12) . Accordingly, disruption of the 6S-1 RNA:RNAP complex by the 3 0 -CB pRNA was barely detectable (Fig. 9B, lane 16 vs. 14) . In the case of A. aeolicus 6S RNA, annealing of the 3 0 -CB pRNA appeared to even increase complex formation with RNAP, but in a non-specific manner as inferred from a smear above the specific 6S RNA:RNAP complex (Fig. 9A, lane 7) . A control pRNA with the same sequence as the A. aeolicus 6S RNA-specific 3 0 -CB pRNA but reversed polarity neither affected complex formation of s A -RNAP with A. aeolicus 6S RNA nor with the homologous B. subtilis 6S-1 RNA (Fig. 9A, lane 8, and Fig. 9B, lane 17) . We conclude that such artificial 3 0 -CB pRNAs can more (A. aeolicus 6S RNA) or less (B. subtilis 6S-1 RNA) efficiently induce conformational changes in 6S RNA structure. Although the mobility shift of 6S RNA was the same with the 5 0 -and 3 0 -CB pRNAs in the case of A. aeolicus 6S RNA, RNAP binding was not blocked after 3 0 -CB pRNA annealing but rather non-specific gel-resolvable complexes with RNAP were observed. This finding suggests that strand specificity of the pRNA duplex and/or formation of the CBC helix (prevented in case of the 3 0 -CB pRNA) are crucial for the RNAP release process. Formation of the CBC helix also masks the single-stranded region in the 5 0 -CB that is considered to be a "-10"-like contact region of RNAP [12] . Thus, the pRNA-induced RNAP release mechanism has been evolutionarily optimized for pRNAs whose synthesis is initiated in the 5 0 -CB.
Conclusions
In summary, we were able to define the solution secondary structure of A. aeolicus 6S RNA in its ground state as well as after the pRNA-induced structural rearrangement using structure probing and NMR. The free RNA adopts the canonical rod-shaped architecture with little structure formation in the central bulge already at moderate temperatures. We demonstrated that pRNA invasion into the 6S RNA structure leads to formation of a new central bulge collapse helix, similar to what has been observed for B. subtilis 6S-1 RNA [3] . The computationally predicted formation of an additional hairpin in the 3 0 -CB upon pRNA binding (Figs. S3 and S4 ) was neither indicated by the probing data nor by the NMR measurements. Such hairpin formation is a hallmark of the pRNA-induced rearrangement in a subgroup of proteobacterial 6S RNAs including the one from E. coli [16] .
We further demonstrated that A. aeolicus 6S RNA mechanistically behaves as a genuine 6S RNA, serving as a template for pRNA synthesis in vivo. Remarkably, s A -RNAP of the mesophile B. subtilis is able to use this 6S RNA of hyperthermophilic origin as a template for pRNA transcription. Binding of pRNA to A. aeolicus 6S RNA blocks formation of 6S RNA:RNAP complexes, a typical feature of 6S RNAs. The RNA-seq analysis using total RNA from A. aeolicus identified pRNAs predominantly 9 to~17 nt in length, but also longer ones that almost correspond to runoff transcripts (~40-mers). We showed for a pRNA 15-mer that it forms an extraordinarily stable duplex with A. aeolicus 6S RNA which even resists the denaturing PAGE treatment (Fig. 5 ). All these findings suggest that A. aeolicus 6S RNA mechanistically functions in the same way as other bacterial 6S RNAs in its A. aeolicus host at temperatures around 85 C.
We finally tested if disruption of helix P2 by sequestering its 3 0 -strand in a duplex with an artificial 3 0 -CB pRNA may trigger dissociation form RNAP as well. However, canonical pRNAs with their 5 0 -end mapping to the 5 0 -CB (5 0 -CB pRNAs) are more efficient and specific than 3 0 -CB pRNAs with respect to the structural rearrangement and RNAP release process. Thus, the mechanism of pRNA-induced disruption of 6S RNA:RNAP complexes has been evolutionarily optimized for transcriptional pRNA initiation in the 5 0 -CB.
Materials and Methods

6S RNA variants and pRNA mimics
6S RNAs were in vitro transcribed by T7 RNA polymerase from linearized plasmids as described [2, 4] . The 85-nt and 132-nt variants of A. aeolicus 6S RNA were transcribed from pUC19 derivatives pKK4 and pKK5, respectively, essentially as described [8] . Both plasmids encoded the T7 promoter, a self-cleaving hammerhead cassette, the respective A. aeolicus 6S RNA variant and a selfcleaving hepatitis delta virus (HDV) ribozyme. The ribozymes self-cleaved during T7 transcription and the mature 85-nt and 132-nt 6S RNA transcripts with homogenous 5 0 -and 3 0 -ends were purified by denaturing PAGE. For probing experiments in Figs. 4B and 5B, the 132-nt 6S RNA variant was transcribed from plasmid pKK8 encoding the RNA with a 3 0 -terminal mismatch (3 0 -terminal C to A mutation) to improve 3 0 -end-labeling using 5 0 -[ 32 P]pCp. Synthetic pRNA oligonucleotides were obtained from Integrated DNA technologies (IDT, Coralville, Iowa, USA). The all-LNA analog of the pRNA 15-mer was synthesized by RiboTask (Denmark). 15 N-labeled nucleotides for the synthesis of isotope-labeled RNAs for NMR measurements were purchased from Silantes (Munich, Germany).
Secondary structure probing
For probing experiments, trace amounts of 5 0 -or 3 0 -endlabeled 6S RNA (~30,000 Cherenkov cpm) were mixed with the same unlabeled 6S RNA to a final concentration of 9 mM in 1.25 Â TN-buffer pH 7.5 (20 mM Tris-acetate, 100 mM NaCl) in a volume of 4 mL. For determination of the 6S RNA structure in its pRNA-bound state, ã 5-fold excess of the pRNA oligonucleotide was added (f.c. 50 mM; vol. 4 mL). All samples were denatured for 1 min at 95 C and immediately transferred to and kept at 2 C for 2 min; refolding and pRNA annealing was achieved by slowly raising the temperature from 2 to 22 C within 5 min. For RNase T1 cleavage reactions, 1 mL RNase T1 (1 U) was added to 4 mL of RNA solution in the case of the 132-nt variant or 1 mL RNase T1 (0.1 U) in case of the 6S RNA 85-nt variant, followed by incubation at room temperature for 0.5 min At 75 C, 1 mL of 0.5 mM Pb(OAc) 2 was added to 4 mL of RNA solution, followed by incubation for 1 min before addition of denaturing loading buffer. For RNase V1 cleavage, 0.01 U (0.001 U) RNase V1 were added to the 132-nt (85-nt) RNA, followed by adjustment to~6 mM Mg 2þ and incubation 1 min (0.5 min) at room temperature. To generate an alkaline ladder, labeled and unlabeled RNA were mixed (~1.5 mg) in alkaline buffer (0.1 M Na 2 CO 3 /0.1 M NaHCO 3 pH 9.0; final vol. 5 mL) and heated to 95 C for 1 min, followed by addition of 1 vol. denaturing loading buffer to stop the reaction. Samples were separated on a 15% or 20% denaturing PAA gels. After electrophoresis, gels were transferred onto a Whatman filter paper (2 mm thick), covered with clingfilm and dried in a vacuum gel drier at 60 C for 1 h. An image plate was exposed to the gel overnight. Radioactive RNA fragments were visualized using a Bio-Imaging Analyzer FLA 3000-2R (Fujifilm) and the analysis software PCBAS/AIDA (Raytest).
NMR experiments
NMR spectra were recorded at a 950 MHz, a 900 MHz or a 800 MHz Bruker NMR spectrometer equipped with cryogenic triple resonance probes using the Topspin software for acquisition and data processing. NMR samples of the 132-nt and the 85-nt 6S RNA variant were concentrated to a final volume of around 250 mL using micoconcentrators (cutoff 3.000 Da, Vivaspin) and 10% (v/v) D 2 
RNA-seq of A. aeolicus
A. aeolicus cells were grown at 85 C and harvested in late exponential growth phase (approximate cell density: 2 Â 10 8 cells/ mL, approx. 0.2 OD 600 /mL) as described [9] and total RNA was extracted basically as previously reported [2] . In detail, lyophilized cell pellets (corresponding to~8 OD 600 ) were resuspended in 4 mL of pre-chilled (4 C) extraction buffer (10 mM NaOAc, 150 mM sucrose, pH 4.8). Then, 200 mL of 20% SDS was added and the suspension was mixed with 4 mL preheated (65 C) acidic phenol (pH 4.5 to 5.0, Roth, Germany) followed by vigorous vortexing, incubation for 5 min at 65 C and then 5 min on ice. For phase separation, the mixture was centrifuged at~12,900 g for 20 min at 4 C. The aqueous supernatant was transferred to a fresh tube and again 4 mL acidic phenol were added, followed by vigorous mixing. After an identical centrifugation step, the supernatant was transferred to a new tube and mixed with 4 mL chloroform by vortexing. After centrifugation at room temperature, the supernatant was transferred to a clean tube, and 0.1 vol. 3 M NaOAc (pH 5) and 1 vol. of isopropanol were added, followed by centrifugation at~12,900 g for 45 min at 4 C. The RNA pellet was washed with 200 mL 70% ethanol, centrifuged for 15 min (~12,900 g, 4 C) and air-dried for 5 min. The pellet was redissolved in 65 mL ddH 2 O containing 3.5e5 mg/mL RNA.
We performed two deep sequencing experiments: one applying 454 high-throughput sequencing as described [9] without any size fractionation of the total RNA; and a second one applying Illumina sequencing technology, where the total RNA was purified via the mirVana isolation kit (Ambion) to enrich for RNAs < 200 nt, followed by isolation of RNAs < 50 nt using preparative 10% denaturing PAGE. In both experiments, RNA fractions were further enriched for primary transcripts by Terminator™ 5 0 -PhosphateDependent Exonuclease (TEX) treatment [2] ; for the 454 sequencing experiment, libraries with and without TEX treatment were constructed and sequenced. Illumina reads were trimmed to a minimum quality threshold value of 20 using the fastx-toolkit. Poly(A)-tails of length five and longer were removed from the Illumina and 454 reads. Both read libraries were mapped to the genome of A. aeolicus VF5 (NCBI uid: 57765) using segemehl. Mapped reads had to be at least 8 nt long, with an 80% sequence match to the target region. We tracked alternative mappings to exclude a bias due to non-6S RNA derived reads that mapped multiple times to the A. aeolicus genome (see Fig. S1 ).
In vitro pRNA transcription
A mixture of 1 mL A. aeolicus 6S RNA (132 nt, 10 mM) and 1 mL 2Â TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8) was heated to 80 C (2 min) and stepwise cooled down to 70 C, 60 C and 50 C (2 min each), followed by a final incubation step at 37 C for 2 min. Then, 4.7 mL master mix including activity buffer and B. subtilis s A -RNAP holoenzyme (8 mg/mL), prepared as described in Ref. [15] were added to the RNA solution, followed by incubation at 37 C for 10 min. The transcription reaction was started by adding 200 mM of each NTP (f.c.), including~250,000 Cherenkov cpm of either a- A. aeolicus pRNAs (8 nt and 15 nt) were used as size markers.
RNA-seq analysis after in vitro pRNA transcription
For RNA-seq analysis, six in vitro pRNA transcription reactions as described above, but without radioactive nucleotides, were combined and extracted with acidic phenol, followed by chloroform extraction and ethanol precipitation. The pellet was dissolved in 5 mL ddH 2 O (114 ng/mL); cDNA libraries were constructed at vertis Biotechnologie AG (Freising, Germany) including TEX treatment to enrich for pRNAs carrying a 5'-triphosphate.
